Abstract
Introduction
Automated docking studies of complex can clarify the mechanism of molecular recognition, and so allow us to design new compounds and estimate their ) Corresponding author.
activities. Furthermore, docking associated with database screening offers an efficient and practical way to generate the leading compounds which play an important role in drug design. The energetic potential surface of ligand interacting with its receptor is so complicated that it is impossible to determine the associated site by carrying out minimization using gradient methods such as the steepest descent method, 0169-7439r99r$ -see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž . PII: S 0 1 6 9 -7 4 3 9 9 8 0 0 1 3 2 -4 ( )the Gauss-Newton method. These methods fall easily into the local potential wells and escaping from them is rather difficult. So some stochastic methods including the Monte Carlo simulations have been introduced into the studies of molecular recognition, usually with more complete potential energetic functions in an automatic fashion.
Genetic algorithm, which is regarded as an intelligent stochastic method, was introduced into compuw x tational chemistry in the late 1980s 1,2 . The idea of genetic algorithm is borrowed from genetics and natural selection. A population of 'chromosomes' encodes solutions to the problem has been first generated and then it 'evolves' through a process similar to biological evolution, including genetic crossover, genetic mutation and natural selection. The strength of genetic algorithm lies in its ability to handle large w x and diverse set of variables. In 1995, Oshiro et al. 3 introduced this method into their flexible docking procedure. Two kinds of GA methods were proposed, which were sphere-based GA method and explicit-orientation-based method. Both GA methods aimed to optimize orientations and conformations of the ligand. The fitness of each 'chromosomes' was the molecular mechanics interaction energy. The flexible docking methods had generally produced structure deviations on the order of 1 Aratom.
Although genetic algorithm can overcome the potential barriers successfully in most cases, it is still common that GA staggers in local potential wells in some special cases, such as automated docking. In this paper, we combined the genetic algorithm with random search to explore the possible associated sites of protein-small molecule, protein-peptide, protein-protein complexes. We hoped the hybrid method may overcome the potential barriers more easily.
In our two-stage genetic algorithm minimization, steric complementarity and energetic complementarity were separately considered to evaluate the fitness of 'chromosomes'. The first stage mainly finds the binding sites and the second one adjusts the orientations of ligand around the binding site precisely according to the interaction energy. Our procedure is not only effective for enzyme-ligand systems, but also can optimize the orientations of two domains of proteins which is too difficult to embody conformational changes into the GA optimizations. Although our two-stage docking is not a flexible one, the first docking stage is a sort of soft-docking because it allows atomic overlapping to some degree. The second stage belongs to rigid docking and the fitness is the molecular mechanics interaction energy between probe molecule and the target molecule.
Methods

Rough searching a set of bound sites based on steric complementarity
In the first step, the dot surface is generated using w x the MS program 4 written by Michael Connolly. The parameters used in this program are discussed in next part. Then, the coordinates of the probe molecule and the target molecule as well as their surface dot are centralized. Next, a set of 'chromosomes' is randomly generated and each one contains six variables: three translation degrees of freedom and three rotation degrees of freedom. The three rotational variables are described by three Euler angles. The position of the target molecule is fixed and the six variables define an orientation of the probe molecule. For each 'chromosome,' the fitness score is composed of two parts: the matching score and penalty score of atomic overlapping.
The matching score is calculated this way: for each surface dot of probe molecule, the matching property with target surface dots within a certain distance is repeatedly tested. The distance usually gets a value of 1.0-2.0 times the sum of radii of two atoms which hold the two dots. The normal lines of the two overlapping dots have a separation angle and if the angle is smaller than a threshold, say 308, the two dots can be assumed 'matched' and the areas shared by the two dots are added. The total value of those areas is used to evaluate the matching complementarity.
The next part of the steric complementarity is the penalty score of atomic overlapping. If the distance between the two atoms is smaller than a threshold, say 0.8-0.9 times the sum of the Van der Wallas radii of the two atoms, the two atoms are considered to be overlapped. The penalty score is evaluated by the number of the overlapped atomic pairs multiplied by an empirical parameter. The fitness score in this stage is the total of the two parts:
where, Score is the matching score and m atch Score is the penalty score. 'const' is a coeffioverlap cient balancing the contributions of the two parts. The const is mainly determined by the dot density, an important parameter of the MS program, which is defined as the average dot numbers per angstrom square area of both probe and target molecules. The const usually takes 5-20 fold of the dot density. Random search is easily introduced into genetic algorithm by replacing the lowest 20-30 'chromosomes' in a population with randomly generated ones. This strategy serves to introduce some new 'chromosomes' into the population which helps maintain the diversity of the population and thus reduces the likelihood of the GA converging on a local-optimal minimum. This strategy is more useful than the normal GA which simply increases the mutation ratio to maintain the diversity of the population. Another strategy in our two-stage docking is elitist strategy which copies a set of the best performing 'chromosomes' from one generation unchanged to the next generation in order to maintain the best individuals of the previous generation.
The three operations of GA-crossover, mutation and selection-are then repeatedly performed. If the crossover probability exceeds a randomly generated number, the selected pair of 'chromosomes' is then bred using the crossover operator. This operator divides both parents at a randomly selected points and joins the pieces together to form a pair of new 'chromosomes' which embody the characteristics of their parents. The mutation operator is performed when the mutation ratio is larger than a randomly generated number. This operator randomly selects a 'gene' in the 'chromosome' chain and replaces it with a randomly generated one. The selection operator chooses the 'chromosomes' in a manner according to their fitness values. The fitter the 'chromosome,' the more chances it is selected. If the average fitness score of a population is not improved after a certain iterations, say 50 iterations, the convergence is achieved. In most cases, 2000 iterations are enough to generate orientations similar to that of crystal structure.
Finally, cluster analysis is performed and the conformation with the largest fitness is selected from each group for further detailed searching. The least RMS difference between two groups is 3.0 A.
Detailed searching of the locally associated sites based on energetic complementarity
In this stage, a more detailed searching is performed for each solution derived from the first stage. The position of the target molecule is also fixed and the six variables define an orientation of the probe molecule. A set of 'chromosomes' is randomly generated and each one represents an orientation. The fitness score of each 'chromosome' is the interaction energy between the probe and target molecules. Only Van der Wallas energy, electrostatic energy and hydrogen bond energy are considered. The force field is AMBER. Non-polar hydrogen atoms are omitted for simplification and united atom types are introduced in order to evaluate the interaction energy more precisely. The purpose of this step is not only to purge the high energy conformations, but also to precisely calculate the interaction energy. The procedure of GA minimization is the same as the previous stage and the same convergence criterion is applied. Lastly, cluster analysis is also performed and the solution with the largest fitness is selected to calculate the RMS with the crystal structure.
The difference between the two stages is that the first stage optimizes the orientations in the whole translational space, in the second stage, the translational vectors are restrained around the associated site found from the first stage. The GA optimization usually achieves convergence much faster than that in the first stage.
Result and discussion
An appropriate selection of the parameters is important, since they affect not only the total computational time but also the quality of the solutions. The parameters of GA optimization include population size, elite size, random size, crossover ratio, and mutation ratio. Population size is defined as the number of 'chromosomes' in one generation. The larger the population size, the greater the chances that global orientation can be found and more time should be consumed. The elite size is the number of 'chromosomes' survived directly into the next generation in the elitist strategy. The random size is the number of 'chromosomes' replaced with new randomly generated ones in the random search strategy. The elite size and the random size are about 5 to 10 percent of the population size. The population size in our program is 100 and the elite size is 5. The mutation ratio and crossover ration are 0.05 and 0.35 in our procedure.
The other two parameters, const and separation angle, are defined in the previous section. const can be the balance of the contributions of two parts of the fitness score in the first docking stage. It usually takes 5-20 fold of the dot density used in the MS program. This parameter can be varied in a relatively large range without affecting the quality of the last solutions. The separation angle is usually smaller than 608. For all the test systems, const is set to 10 fold of the dot density and separation angle is set to 308.
There are two parameters concerns with the MS program which are dot density and the probe radius of water. The probe radius of water is set to 1.4 A in our procedure. The dot density is usually set to 0.5 dot number per angstrom square area for large systems and 1.0 for small systems. The larger the parameter, the more computational time consumed.
Docking based on the steric complementarity aims to explore the possible binding sites in the whole translational space. Although it is believed that the fitness of this stage has a poorer relationship with the RMS than that of the second stage, the docking based on steric complementarity is necessary because it offers good starting points to perform docking based on energetic complementarity restrained around the binding site. Moreover, in some cases, it is difficult . Ž . Ž . Ž . s KAPPAs 1PLG ; g dihydrofolate reductase complexes with methotrexate 4DFR ; h beta-trypsin complexes with pancreatic Trypsin Ž . inhibitor 2PTC . Since the two structures cannot be distinguished in the superimposed forms, the fitted structure is moved away from the crystal structure. For each case, the left picture is the crystal structure and the right one is the fitted structure. for docking based on energetic complementarity to find appropriate orientations by thoroughly searching the whole translational space, such as HIV-1 protease, which has relatively small binding site. The possibility for the probe molecule located in the binding site without overlapping is small. The softdocking based on the steric complementarity is more likely to find the global orientation than the docking based on energetic complementarity, because it allows the atomic overlapping to some degree.
Eight complexes randomly selected from the Brookhaven Protein Data Bank were used to test our two-stage docking procedure. For each complex, Table 1 lists the steric complementarity score and interaction energy of the smallest RMS solution. Fig. 1 shows the scatter plot of interaction energy vs. the RMS for three complexes, which represent the small system, middle system and large system, respectively. The general trend is the lower the interaction energy, the smaller the RMS. Fig. 2 shows the fitted structure of the lowest RMS conformation and the crystal structure for every complex. For most cases, the smallest RMS of the GA solutions is smaller than 1.0 except Complex 6. In the case of Complex 7, the lowest RMS is 0.64, a litter better than the previous w x reported value 3 . For Complex 8, our result is betw x Ž ter than Jiang and Kim's 5 the lowest RMS they . reported is 2.56 . So, we can draw the conclusion that our automated docking procedure is a successful one and combined random search with GA can really overcome the potential barriers efficiently. Moreover, our two-stage automated docking procedure is a universal one because it is not only suitable for a Ž . small system e.g., Complex 2 , but also for the mid-Ž . dle system e.g., Complex 1 and the large system Ž . e.g., Complex 3 .
